Successful cryopreservation of hepatocytes is essential to the future of hepatocyte transplantation as a treatment for liver disease, and also for the improved in vitro use of hepatocytes for research. However, hepatocyte function is adversely affected by even the best cryopreservation protocols. To investigate possible mechanisms for these changes, total cell lysates were prepared from fresh and cryopreserved rat hepatocytes and the proteome profiles compared using SELDI-TOF-MS ProteinChip technology. In addition, in vitro functional assays (viability, attachment efficiency, and lactate dehydrogenase leakage) were performed on the corresponding fresh and cryopreserved hepatocytes. Sixty-one peptides were identified as being significantly changed after cryopreservation. Thirty-seven peaks were significantly increased and 24 were significantly decreased after cryopreservation. The peak intensity of a number of these peptides was found to correlate with the in vitro function of the hepatocytes. Seven peptides correlated with in vitro function after cryopreservation and 10 peptides correlated with both fresh and cryopreserved function. The peptides significantly decreased after cryopreservation could include cytosolic enzymes or cofactors, which leaked out of the cells due to cryopreservation-induced membrane damage. The peptides significantly increased after cryopreservation could be retained products of cleavage of larger intracellular polypeptides and proteins or the result of aggregation of peptides caused by physical changes in the cell due to the cryopreservation process. Proteome profiling using SELDI-TOF-MS could be a useful tool to assess the effects of isolation and cryopreservation of hepatocytes, particularly if the findings are extended to human hepatocytes.
INTRODUCTION
teinChip technology, has proven to be useful for this purpose. The technique has been used to identify proteo-Hepatocyte transplantation has been evaluated as a mic patterns in serum, for example, to distinguish betreatment for the management of acute liver failure and tween ovarian neoplastic and nonneoplastic disease (14). liver-based metabolic disorders (7) . Ready availability It has also been applied to investigation of mechanisms of cryopreserved hepatocytes from a cell bank is an imof toxicity, where several protein peaks associated with portant requirement for clinical transplantation and also arsenic and benzo[a]pyrene treatment have been identifor the in vitro use of hepatocytes for research. Howfied in lung cells (6). ever, after cryopreservation thawed hepatocytes have de-Other workers have used a two-dimensional electrocreased viability and cellular function, particularly in phoretic protein separation system as a tool to investitheir attachment efficiency (12,13). Few investigations gate both the liver and isolated hepatocytes. Variations have been undertaken to determine the mechanisms rein the proteome profiles of hepatocytes on 2D electrosponsible for the detrimental effects of freezing on hepaphoresis were found when using different methods of tocytes.
cell handling (20) . Extensive studies were performed Proteomics has been used to identify various disease utilizing a specialized 2D electrophoresis technique to and toxicity biomarkers (1, 8, 10, 19) . A new technology, identify liver toxicity markers in the human HepG2 liver surface-enhanced laser desorption/ionization time-ofcell line and in rat liver in vivo (18) . Using nine wellflight mass spectrometry (SELDI-TOF-MS) with Pro-36 TERRY ET AL. known hepatotoxic compounds, the study identified 8 trifuged (50 × g for 5 min at 4°C) and the supernatant removed. Each pellet was then resuspended in 500 µl potential toxicity marker proteins in HepG2 cells and 13 in rat liver. lysis buffer at pH 7.5, consisting of 0.4 M sucrose, 10 mM potassium acetate, 50 mM Tris, 1 mM EDTA, and There has been little work as yet using Protein Chip technology to specifically investigate liver tissue or he-100 µl/ml Complete Mini Protease Inhibitor Cocktail Tablets (7× concentrated, Roche Diagnostics Ltd, East patocytes. The effect of a peroxisome proliferator on mouse liver proteins has been investigated using SELDI-Sussex, UK). The samples were then snap frozen in liquid nitrogen and stored at −80°C until lysate preparation. TOF-MS (2). The study identified 40 differentially expressed protein peaks, the majority of which were less For lysate preparation, the cells were thawed at room temperature and sonicated on ice (15 µm peak-peak am-than 20,000 Da. The detection of proteins in the lower mass range was identified as an advantage of the Pro-plitude, three pulses of 5 s, with 10-s intervals between pulses, Microson TM Sonicator). The samples were then teinChip method over other proteomic methods.
In the present study proteomic analysis, utilizing Pro-centrifuged at 10,000 rpm at 4°C for 10 min. The supernatant was collected (cytosolic cell lysate) and trans-teinChip technology, has been investigated as a potential screening tool for identifying biomarkers for the ef-ferred to fresh tubes and frozen at −80°C until analysis. fects of cryopreservation on rat hepatocytes.
ProteinChip Preparation and Analysis MATERIALS AND METHODS
Samples were thawed and diluted with PBS to a stan-Hepatocyte Isolation dard protein concentration (0.5 mg/ml) for analysis. Cationic surface (SAX2) ProteinChips (Ciphergen, Sur-Male Sprague-Dawley rats (250-280 g body weight) rey, UK) were used to apply the sample in duplicate. were sacrificed and hepatocytes were isolated using an
The chip was placed in a bioprocessor unit that forms ex situ perfusion method (15, 17) . The perfusion procewells over the 8 spots on the chip, into which the buffer dure was carried out at flow rate of 23 ml/min with all and sample could be added. Binding buffer (350 µl; 0.1 buffers maintained at 37°C plus aeration (95% O 2 /5% M Tris and 0.1% Triton X-100) was added to each well CO 2 ). The first buffer consisted of EBSS (BioWhittaker, and incubated with agitation for 15 min at room temper-Berkshire, UK) containing EGTA (pH 7.4) for 5 min.
ature. The buffer was discarded and 150 µl of the diluted The second buffer, EBSS (pH 7.4), was perfused for 5 sample was added to the appropriate well. The chips min. Finally, the tissue was perfused with a collagenase were incubated with agitation for 15 min at room temdigestion solution consisting of EBSS containing CaCl 2 , perature. The spots were washed twice with 350 µl bindtrypsin inhibitor, and 0.5 mg/ml collagenase P (Roche ing buffer (5-min incubation with agitation at room tem-Diagnostics Ltd, East Sussex, UK). The final buffer was perature). The chip was washed in deionized H 2 O and recirculated for up to 10 min until digestion was adethe chips were allowed to air dry. Saturated solution (0.5 quate. The digested lobes were placed in ice-cold DPBS µl) of sinopinic acid dissolved in 50% acetonitrile/0.5% (BioWhittaker) and gently agitated to release the heptrifluoroacetic acid was added to each spot. The spot atocytes. The suspension was filtered through 200 µm was allowed to air dry and this step repeated. The chip microsieve nylon cloth (VWR International Ltd, Lutterwas then inserted into the Ciphergen ProteinChip worth, UK) to purify the cell suspension. The suspen-Reader (SELDI-TOF-MS) for analysis. Data acquisition sion was then centrifuged at 50 × g for 5 min at 4°C. was performed using the Ciphergen ProteinChip Soft-This wash step was repeated twice with ice-cold DPBS ware version 3.1. The resulting mass data were normaland viability and cell number were determined using the ized and Biomarker Wizard TM software used to identify trypan blue exclusion method. peptide peaks. The resulting peaks were then analyzed Sample Preparation for significant differences between the fresh and cryopreserved hepatocyte samples using the Mann Whitney Fresh hepatocyte samples (n = 8) were prepared immediately postisolation. Cryopreserved hepatocyte sam-U-test. Bivariate correlation statistics were performed using Spearman's test. ples (n = 8) were obtained after freezing in University of Wisconsin organ preservation solution (Bristol-Myers Functional Assays Squibb Pharma Ltd, Hounslow, UK) containing 10% DMSO using a controlled rate freezer (Planer Kryo 10
For each of the hepatocyte batches used for proteome analysis (fresh and cryopreserved), cells were also Series III) employing the freezing protocol of Diener et al. (4) with some modifications. Hepatocytes were plated and cultured for various assays of cell function. For each assay, 30,000 viable cells/well were plated on thawed after 2 weeks of storage at −140°C using the method of Steinberg et al. (16) . For both fresh and cryo-collagen-coated 96-well plates in William's E media containing penicillin (50 U/ml), streptomycin (50 µg/ preserved samples, 7 × 10 6 viable hepatocytes were cen-ml), L-glutamine (2 mM), and 10% fetal calf serum and whether the peptide peak was increased or decreased after cryopreservation. Thirty-seven peaks were signifi-cultured for 24 h (maintained at 37°C in 95% O 2 /5% CO 2 ). Cell attachment after 24 h was determined from cantly increased and 24 were significantly decreased after cryopreservation. Figure 2 and Figure 3 show spec-the cell protein content (11). Lactate dehydrogenase (LDH) leakage into the supernatant was measured after tra from six representative hepatocyte samples (three fresh and three cryopreserved), highlighting small pep-24 h using a Cytotox 96 assay kit (Promega, Southampton, UK).
tides (mean molecular weights = 4082 and 4215 Da) identified as increased after cryopreservation and a pep-RESULTS tide (mean molecular weight = 24,736 Da) decreased after cryopreservation, respectively. Figure 1 shows the combined, complete spectrums obtained for the fresh (n = 8) and cryopreserved (n = 8)
The mean functional parameters for fresh and cryopreserved hepatocytes-viability, attachment, and LDH lysate of rat hepatocytes, respectively. The variation in molecular weights of individual identified peaks ranged leakage-are shown in Table 2 . Viability and attachment were significantly decreased in cryopreserved he-from 0.3% to 2.3% between the hepatocyte samples.
Sixty-one peptides were detected in the lysate of rat patocytes. LDH leakage, indicating membrane damage, was significantly increased in cryopreserved hepato-hepatocytes as being significantly changed (p < 0.05) after cryopreservation compared to the fresh cells (Table  cytes. Correlation analysis between the functional parame-1). The peak intensity of cryopreserved cells is shown as a percentage of the fresh value, thus indicating ters measured in each hepatocyte batch and each peak intensity value for each peptide identified as changed by tion. These peptides could be products of cleavage of even larger polypeptides and proteins due to the forma-cryopreservation was performed (Table 3 ). There were a number of peptides that correlated with one or more tion of intracellular ice crystals and resulting intracellular organelle damage. They could be the result of aggre-of the measured functions of the hepatocytes. For example, the peptide of molecular weight 8562 Da signifi-gation of smaller peptides/subunits caused by the physical changes due to freezing in the cell. Certain peptides cor-cantly correlated (r = 0.900, p = 0.037) with LDH leakage from cryopreserved hepatocytes. In addition, there related negatively with the measured cellular function, thus as viability and/or attachment decreased, the spe-were also peptides that correlated with function in both fresh and cryopreserved hepatocytes, such as the peptide cific peptide increased. This suggests that these peptides were products of cryopreservation-induced damage and of molecular weight 132,410 Da, which correlated with all three measurements of cellular function. may be good potential markers for injury. This type of pattern has been seen previously in proteomic studies of DISCUSSION the rat liver and HepG2 cells (18) where not all changes in hepatotoxic markers identified were unidirectional. The results of proteome analysis of fresh and cryopreserved rat hepatocytes using SELDI-TOF-MS Pro-In addition to the peptides that correlated with cell function after cryopreservation, there were also peptides teinChip technology showed a large number of peptides were significantly changed in the lysate of cells that correlated with the function of both the fresh and cryopreserved hepatocytes. These peptides may have po-after cryopreservation.
It is well known that membrane damage occurs dur-tential as more general markers of hepatocyte function that could be applied during cell isolation and handling ing cryopreservation, resulting in the loss of intracellular components such as cytosolic enzymes and enzyme co-of fresh or cryopreserved hepatocytes. Such an approach to "screening" would be beneficial if extended to human factors (5). The peptides identified in this study as being significantly decreased after cryopreservation (n = 24) hepatocytes, where, depending on numerous preisolation tissue quality factors, there is a highly variable viability could include cytosolic enzymes or cofactors, which leaked out of the cells after cryopreservation-induced and yield of hepatocytes even before freezing. A disadvantage of ProteinChip technology for in-membrane damage. Indeed, this is supported by the finding that three of the four peptides that correlated with vestigating the liver proteome profile is that the system is better at detecting lower molecular weight peptides LDH leakage after cryopreservation had a negative correlation. It can be assumed that if LDH, as measured, (9). In one study, 80% of the molecular masses identified as different in the livers of peroxisome proliferator-can leak out through the damaged cell membranes (total molecular weight of subunits = 140,000 Da), then smaller treated and nontreated mice were less than 20,000 Da (2). The molecular masses identified ranged from 4577 peptides would as well. Of the smaller 30 peptides identified as changed after cryopreservation (molecular to 93,529 Da. Some proteins that would be of interest, for example α 2 -macroglobulin (900,000 Da) and fibrino-weight 2137 to 33,279 Da), the majority (n = 23) were decreased after cryopreservation, suggesting leakage gen (340,000 Da), would not be detected by the method as the limit for detection was 150,000 Da in the present from the hepatocytes. For the larger peptides (molecular weight 37,447 to 145,428 Da) that were significantly study. The variance in identified peptide peaks is another possible disadvantage of the ProteinChip method. Gen-altered, all except one were increased after cryopreserva- Figure 2 . Spectra from representative rat hepatocyte samples (three fresh and three cryopreserved). The spectra highlights specific peptides of molecular weights 4082 and 4215, which were increased after cryopreservation. erally, a variance of 1% between mass values is consid-are examined depending on a multitude of factors including the methodology used to extract proteins, the chip ered tolerable (21). These variances could result from a mass shift caused by salt adducts, bound ligands, other type used, the incubation and wash conditions, the type of matrix used and method of application, and the laser proteins or binding peptides present in the complex mixture, and differences in posttranslational modifications.
intensity settings (3). No attempt was made to achieve maximal resolution of the proteins in cell lysate because In the present study, variations of 0.3% to 2.3% were seen in the molecular weights of identified peaks be-it was possible to obtain adequate traces with identifiable masses using the SAX2 chips with pH 7.5 washes. tween eight hepatocyte samples.
It appears that further optimization of the methodol-These conditions were determined to be a good starting point to evaluate the SELDI system. However, if maxi-ogy used may be needed. It has been emphasized that only a subset of proteins present in the original sample mal resolution is desired, it may be necessary to use a Figure 3 . Spectra from representative rat hepatocyte samples (three fresh and three cryopreserved). The spectra highlights a peptide of molecular weight 24736, which was shown to be decreased after cryopreservation.
combination of chip chemistries, energy absorbing mol-which seems likely on the basis of some preliminary experiments, screening of hepatocytes using SELDI Pro-ecules, and washing stringencies. Also, it cannot be conclusively stated that the peptides identified were not af-teinChip technology could help identify those hepatocyte batches that would be suitable for hepatocyte trans-fected by the initial freezing step of samples before preparation of the lysate. However, as both fresh and plantation or those that would cryopreserve well and function adequately on thawing. Future work will at-cryopreserved samples were stored identically it seems unlikely this method has produced any false significant tempt to identify the nature of the peptides affected using two-dimensional electrophoretic protein separation. results. In addition, this freezing at −80°C seems standard (2,3) and it can be assumed there was minimal pro-Investigation of the effect of cryopreservation on the insoluble membrane components of the hepatocytes in the tein degradation as a protease inhibitor was included at all stages of sample preparation.
pellet remaining after preparation of the cell lysate would also be worthwhile. This could help identify cell If similar effects are found with human hepatocytes, 
